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Effective mass of composite fermion: a phenomenological fit in with anomalous
propagation of surface acoustic wave
Yue Yu and Zhaobin Su
Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100080, P. R. China
We calculate the conductivity associated with the anomalous propagation of a surface acoustic
wave above a two-dimensional electron gas at ν = 1/2. Murthy-Shankar’s middle representation is
adopted and a contribution to the response functions beyond the random phase approximation is
taken into account. We give a phenomenological fit for the effective mass of composite fermion in
with the experimental data of the anomalous propagation of surface acoustic wave at ν = 1/2 and
find the phenomenological value of the effective mass is several times larger than the theoretical value
m∗th = 6ε/e
2l1/2 derived from the Hartree-Fock approximation. We compare the phenomenological
value of the composite fermion effective mass with that measured in the experiments of the activation
energy and the Shubnikov-de Haas oscillations. It is found that the comparison is fairly well.
PACS numbers:71.10.Pm, 73.40.Hm, 73.20.Dx
I. INTRODUCTION
The composite fermion (CF) theory for fractional
quantum Hall effect has been evolved for a decade since
Jain first proposed this complex of the electron and flux
quanta in connection with the trial wave functions of the
prominent quantum Hall states [1]. An important step
in the development of the CF theory was stridden by
Haplerin, Lee and Read (HLR) [2] as well as Kalmeyer
and Zhang [3], in which the fermion-Chern-Simons (FCS)
theory [4] is applied to describe the physics at the even-
denominator filling fractions, e.g., ν = 12 . HLR success-
fully predicted the existence of the CF Fermi surface at
such filling fractions, which indicated a CF Fermi liquid
or a modified Fermi liquid. However, HLR recognized a
crucial difference between the FCS theory and the con-
ventional Fermi liquid, namely the effective mass of CF
is divergent at the Fermi surface. This draws forth many
subsequent studies [5]. Most recently, it was recognized
that the charge carried by the CF is obviously different
from the real physical excitation at ν = 1/2 [6]. This stirs
up a series of recent studies [6–14]. Of them, the dipolar
neutral CF is attracting particular attentions from many
authors, which stems from Read’s conceptual paper [6].
Based on the neutral CF, the effective mass problem was
carefully reconsidered [9,13,11,15]. Shankar and Murthy
found a way to define the CF effective mass and showed
that it is of the order of the electron-electron interaction,
namely, 1/m∗ ≃ (1/ν)2/3e2lB/6ε, in the Hartree-Fock
approximation [9].
Beside the prediction of the CF Fermi surface, an-
other celebrated success of HLR’s theory is the expla-
nation for the anomaly of the surface acoustic wave
(SAW) propagation above a two-dimensional electron gas
in GaAs/AlGaAs heterostructures [16]. In their exper-
iment, Willett et al observed the anomalous maximum
and minimum at ν = 12 of the attenuation rate and the
velocity shift of the SAW , respectively [17]. Correspond-
ingly, a maximum of the conductivity appears at ν = 12 .
In the clear range where the wavelength of the SAW is
shorter than the CF’s mean free path, the conductivity
has a linear-dependence on the wave vector. The theoret-
ical results from the FCS theory agree qualitatively with
these experimental observations [2]. However, from the
beginning, there is a systematic discrepancy between the
theoretical and experimental values for the magnitude of
the conductivity σxx(q). In the FCS theory, there is no
adjustable parameter to enhance σxx(q) such that its the-
oretical value is approximately a factor of 2 smaller than
the conductivity observed in experiments [2]. We notice
that this non-adjustability in the FCS theory is due to the
perturbative random phase approximation (RPA). For a
generic field theory, the RPA may or may not provide a
full description for the low energy behavior of the system
. Particularly, for the FCS theory, the important low en-
ergy information might be lost by only taking the RPA. It
is because, firstly, the Chern-Simons coupling constant,
which is one of the parameters in the perturbative ex-
pansion, is not small; Secondly, the fluctuations of the
Chern-Simons gauge field is subject to the well-known
constraint for the physical states which will be shown ex-
plicitly below in (2.5). Murthy and Shankar have recently
given their RPA calculation according to their ‘final rep-
resentation’ and found a good fit in with the SAW exper-
iment [9]. This is a tempting result, but there are also
some dangers, e.g., it will result in the incompressibil-
ity at ν = 1/2. Although those dangerous points could
be clarified [18,14], the restoration of the compressibility
does not help to solve the above mentioned discrepancy.
Therefore, in the present paper, we would like to go be-
yond the RPA and consider further a non-RPA interac-
tion which is ignored in Murthy-Shankar’s discussions.
We calculate a bubble diagram of the Chern-Simons
gauge fluctuation (Fig.1) and its contribution to the re-
sponse function. We find that this contribution is compa-
rable to that from the free CF response function in their
magnitude but with opposite signs. As a result, σxx(q) is
enhanced by an adjustable parameter which comes from
Fig.1. This parameter is related to the CF effective mass.
Hence, using the experimental data in the SAW propaga-
1
tion [16,17,19–21], one can fit the effective mass and finds
that it is in several times of Shankar-Murthy’s theoreti-
cal estimation, m∗ = (e2l1/2/6ε)
−1. We argue that it is
reasonable that the effective mass increases for ν → 1/2
because, theoretically, the gauge fluctuations always raise
the effective mass with respect to its Hartree-Fock value
and experimentally, the increase of the effective mass has
been observed much faster than the current theoretical
predictions [22–24]. We also compare our phenomeno-
logical effective mass to those in measurements of the
activation energy and the Shubnikov-de Haas oscillation
[25,26,22–24].
This paper is organized as follows. In Sec. II, we review
Murthy-Shankar’s theory and set up Feynman’s rules for
the perturbative theory. In Sec. III, various response
functions are calculated. In Sec. IV, the conductivity
including a non-RPA correction is derived. In Sec. V,
the CF effective mass is fit in with the SAW propagation
experiments and is compared to the known theoretical
and experimental results. The section VI consists of our
conclusions.
II. HAMILTONIAN AND PERTURBATIVE
THEORY
There are essentially two kinds of formulations in the
study of the CF theory. One of them is proposed, by con-
struction, within the subspace of the lowest Landau level
(LLL) [6,13,12]. These formulations automatically in-
corporate the feature that the energy scale and effective
mass are set by the electron-electron interaction. The
other kind of formulations begins with an enlarged quan-
tum state space. The FCS theory is the basis of the
later one. In the present paper, we shall relate the ef-
fective mass to the conductivity in the SAW propaga-
tion. The FCS theory already gave the anomaly of the
SAW propagation a qualitative description. We, thus,
prefer to use a formulation starting from a variant of
the FCS Hamiltonian, which is proposed by Murthy and
Shankar [9,10]. Enlightened by Bohm and Pines [27],
Murthy and Shankar chose a gauge for the FCS Hamil-
tonian and named this Hamiltonian the ‘middle repre-
sentation’ of their theory. For the CF excitation with a
correct charge, they applied a canonical transformation
to the middle representation and arrived at their ‘final
representation’. In their final representation, the CF ex-
citation is neutral at ν = 1/2 and the effective mass is
of the order of the electron-electron interaction and in-
dependent of the band mass. On the other hand, it has
been shown that if we do not set foot in the quasiparticle
charge, we can also get this same value of the effective
mass by using the middle representation [11]. In this pa-
per, we would like to fit the effective mass in with the
experiment of the SAW propagation. Thus, we will em-
ploy Murthy-Shankar’s middle representation.
A. Hamiltonian
We start from a two dimensional interacting electron
system that is placed in a uniform magnetic field B per-
pendicular to the two dimensional plane imbedded in a
uniform positive background. We assume that all elec-
trons are spin-polarized. For the two-body interaction
potential V , the N -electron Hamiltonian reads,
He =
1
2mb
∑
i
[
−ih¯∇i +
e
c
~Ai(~xi)
]2
+
∑
i<j
V (~xi − ~xj),
(2.1)
where the vector potential ~A corresponds to the magnetic
field B and mb is the band mass of the electrons. Here-
after, we will use the unit ec = h¯ = 1. At this stage, we
do not confine the electrons in the LLL. The attraction
between the electrons and the uniform background is not
explicitly shown up.
Following a common treatment, we make an anyon
transformation [28] for the electron wavefunction
Φ(~r1, ..., ~rN ) with ~rj being the position of the j-th elec-
tron. The transformed wavefunction is given by
Ψcs(z1, ..., zN ) =
∏
i<j
[
zi − zj
|zi − zj |
]φ˜
Φ(z1, ..., zN ), (2.2)
where zj = xj + iyj, and φ˜ is an even integer. Ψcs is the
wavefunction for the transformed fermion (so called the
Chern-Simons fermion). The Hamiltonian corresponding
to the transformation becomes
Hcs =
1
2mb
∑
i
[
−i∇i + ~Ai(~xi)− ~ai(~xi)
]2
+
∑
i<j
V (~xi − ~xj),
(2.3)
where ~a is a statistical gauge potential. i.e.,
~a(~xi) =
φ˜
2π
∑
j 6=i
zˆ × (~xi − ~xj)
|~xi − ~xj |2
, (2.4)
which satisfies the following constraint
∇× ~a(~x) = 2πφ˜ρ(~x) ≡ b(~x). (2.5)
The mean field approximation for the FCS theory can
be achieved as
~aMF = ~A, (2.6)
where ~A = (B/2)zˆ × ~x. Around the mean field state,
there is an important gauge fluctuation δ~a = ~A− ~a. For
convenience, we denote δ~a as ~a which is the fluctuation of
the statistic gauge field around the mean field. If we in-
troduce the second quantization notation with the Chern-
Simons fermion field ψcs, then the Hamiltonian around
the mean field reads,
2
H =
∫
d2x
1
2mb
∣∣∣∣(−i∇+ ~a(~x))ψcs
∣∣∣∣
2
+
1
2
∫
d2xd2x′δρ(~x)V (~x− ~x′)δρ(~x′). (2.7)
with δρ = ρ − ρ0. The gauge fluctuation obeys the con-
straint (2.5) associated with the density fluctuation δρ
. Notice that here the Hamiltonian is written in the
Coulomb gauge ∇ ·~a = 0. It is well-known that the FCS
theory has a gauge symmetry corresponding to the gauge
transformation of ~a if we consider the bulk states only so
that the Halmitonian can also be written as a gauge in-
variant form. Then, one can choose other gauges to deal
with the system. For our purpose, we choose a gauge
that was used by Shankar and Murthy [9], enlightened
by Bohm-Pines’ gauge choice for the three dimensional
electron gas in the real electromagnetic field [27]. In this
gauge, the Hamiltonian, what is called the middle repre-
sentation, takes its form as
Hcf = H0f +H0a +Hi +Hia +Hsr, (2.8)
where Hsr is the non-dynamic short-range gauge fluctu-
ation and
H0f =
1
2mb
∫
d2x|∇ψ|2,
H0a =
ρ0
2mb
∫
d2x(a2x + a
2
y)
+
1
8π2φ˜2
∫
d2xd2x′[∇× ~a(~x)]V (~x− ~x′)[∇′ × ~a(~x′)],
Hi =
∫
d2x~a ·
i
2mb
(ψ†∇ψ −∇ψ†ψ),
Hia =
1
2mb
∫
d2xδρ~a2. (2.9)
Here H0f and H0a stand for the free Hamiltonian of the
CF and the gauge fluctuation, respectively. Hi and Hia
are the interactions. The Fourier component ~a of the
gauge field obeys the commutation relation
[ax(~q), ay(~q
′] = iδ(2)(~q − ~q′), (2.10)
and is restricted by the constraint
(
qax
2πl1/2
− δρ)|Phys >= 0, 0 < q < Q. (2.11)
with the cut-off Q = kF [9]. All short range fluctua-
tions are included in Hsr, which is ignored in discussing
the low energy physics we are interested in. Murthy-
Shankar’s formulation begins with the above Hamilto-
nian after dropping Hsr. Finally, they ignored the non-
RPA interaction Hia and employed a canonical transfor-
mation to cancel Hi and reach their final representation.
Here, instead of using the final representation, we exert
their middle representation which is favorite for the per-
turbative calculation. However, to directly deal with Hia
in the perturbative theory is difficult. Solving δρ by the
constraint (2.5), Hia is transformed into
H ′ia =
1
4πφ˜mb
∫
d2x(∇× ~a)~a2. (2.12)
Now, we have the Hamiltonian
H = H0f +H0a +Hi +H
′
ia (2.13)
to work on.
B. Feynman’s Rules
The perturbative theory starts from to set up Feyn-
man’s rules. Since we have neglected the short wave
length gauge fluctuations, the gauge field wave vector
is restricted to q < kF in all following perturbative cal-
culation. The free CF propagator (Fig. 2(a)) is
G0(k, ω) =
θ(k − kF )
ω − ǫk + i0+
+
θ(kF − k)
ω − ǫk − i0+
, (2.14)
and the gauge fluctuation propagates (Fig. 2(b)) can be
read out
D0(q, ω) = U, (2.15)
with the matrix U defined by
U−1 =


−
ρ0
m∗
−iω
2πφ˜
iω
2πφ˜
−
ρ0
m∗
(1 +
e2q
2ωcε
)

 . (2.16)
Here we have taken the 2 × 2 matrix description of the
gauge propagator with D011 = U11 and D
0
22 = U22 and so
on. The interaction has been specified as the Coulomb
interaction V (q) = 2πe
2
εq , which is taken throughout in
the whole paper. The indices ‘1’ and ‘2’correspond to
the components parallel and perpendicular to the wave
vector ~q, respectively. The interaction vertex is shown as
(Fig. 2(c))
ga =
1
m∗
((~k +
~q
2
) · qˆ, (~k +
~q
2
)× qˆ). (2.17)
In eqs. (2.16) and (2.17), we have simply replaced the
band mass by a phenomenological effective mass as did by
HLR [2]. The gauge field self-interaction vertex figured
in Fig. 2(d) can be read out from the Hamiltonian
f122(−~q − ~q, ~q, ~q
′) =
i
8πmb
(q2 + q
′
2),
f211(−~q − ~q, ~q, ~q
′) =
−i
8πmb
(q1 + q
′
1). (2.18)
We call the interaction described by the vertex (2.18) the
non-RPA interaction. It has been pointed out that this
interaction vertex is not renormalizable. So, neither the
band mass in (2.18) because it is not relevant to the CF
kinetic energy [9].
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III. RESPONSE FUNCTIONS
A. Non-interacting Response Functions
The calculation of the response functions is the central
task of this section. The simplest response functions are
the free CF’s (Fig. 3), which are defined as [2]
K000 =
∫
d2k
(2π)2
f(ω~k+~q/2 − f(ω~k−~q/2)
ω − ω~k+~q/2 + ω~k−~q/2 + iδ
, (3.1)
K011 =
∫
d2k
(2π)2
|
k‖
m∗
|2
f(ω~k+~q/2 − f(ω~k−~q/2)
ω − ω~k+~q/2 + ω~k−~q/2 + iδ
,
K022 =
∫
d2k
(2π)2
|
k⊥
m∗
|2
f(ω~k+~q/2 − f(ω~k−~q/2)
ω − ω~k+~q/2 + ω~k−~q/2 + iδ
,
where f(ωk) is the Fermi factor. In the current-current
response function, we do not subtract ρ0m∗ because it has
appeared in (2.16). The static response functions for
q << kF are calculated as
K000(q, 0) =
m∗
2π
+ O(q2), (3.2)
K011(q, 0) =
ρ0
m∗
+ O(q4),
K022(q, 0) =
ρ0
m∗
−
q2
24πm∗
+O(q4).
For ω << vF q, the imaginary parts of K
0 are calculated
as follows:
ImK000(q, ω) ≈
m∗
2π
ω
vF q
, (3.3)
ImK011(q, ω) ≈
m∗
2π
ω
vF q
ω2
q2
,
ImK022(q, ω) ≈
2ρ0ω
kF q
.
Meanwhile there is a non-zero real part of K011
ReK011(q, ω) ≈
m∗
2π
ω2
q2
. (3.4)
It is seen that
K011 −
ρ0
m∗
=
ω2
q2
K000, (3.5)
which simply recovers the physics of the continuous equa-
tion j1 = (ω/q)j0. Comparing the imaginary ones with
the real ones in eqs.(3.2)-(3.4), ImK000 and ImK
0
11 are
small and can be neglected while ImK022 should be kept.
On the other hand, for ω >> vF q, it is easy to have
K011 ∼ K
0
22 ∼ O(
(vF q)
2
ω2
). (3.6)
B. Bare Non-RPA Response Functions
Another kind of the response functions which may be
relevant is so-called bare non-RPA response functions
(see Fig. 4). These response functions are determined
by the non-RPA interaction vertex (2.18) and the bare
gauge fluctuation propagator D0 (see Fig. 2(b)). The
calculating results for these response functions in q ≪ kF
are as follows. Because there is no pole for ω ≪ vF q in
the integration, one can easily see that
K0b,11(q, 0) = K
0
b,22(q, 0) = K
0
b,12(q, 0) = 0, (3.7)
i.e., these static response functions vanish. For ω >>
vF q, one has
K0b,11(q, ω) = K
0
b,22(q, ω) = −
q2
16πmb
1
4− z2
,
K0b,12(q, ω) = i
q2
32πmb
z
4− z2
, (3.8)
with z = ω/ωc. Because the poles of the bare non-RPA
response functions are in the high energy region, they
will not contribute to the low energy behavior.
C. RPA Response Functions and RPA Gauge
Propagator
The RPA equation for K (Fig. 5) may be written as
KR = K
0 −K0[K0 + U−1]−1K0. (3.9)
According to the calculations in the previous two subsec-
tions, we see that the low frequency limit of KR is not
modified if one replaces K0 by K0+K0b . Meanwhile, al-
though there is the anomalous pole ω = 2ωc in the bare
non-RPA response functions for ω >> vF q, they will not
violate Kohn’s theorem since they are as small as the
order of q2.
Therefore, the bare non-RPA response functions will
not affect the physical properties we are interested in.
According to such a result , the RPA gauge propagator
Dr (the thick wave line in Figures) can also be defined
by neglecting K0b . That is, D
r = (K0+U−1)−1. For the
ω << vF q case it can be written as
Dr11(~q, ω) =
2π
m∗
q2
(ω + iδ)2
,
Dr22(~q, ω) =
q
iωγ − q2χ
, (3.10)
Dr12(~q, ω) = −D
r
12 =
iq2
2m∗
1
ω + iδ
1
iωγ − q2χ
, (3.11)
where γ = kF2π and χ =
e2
8πε .
4
D. Response Functions beyond RPA
So far, we find no interesting result beyond the RPA
although the bare non-RPA response functions are cal-
culated in subsection B. We did not find out a nontrivial
contribution to the response functions for ω << vF q. On
the other hand, we calculated the RPA gauge propagator
in the last subsection. One may ask what could be hap-
pened if the bare gauge propagator in the bubble of the
bare non-RPA response function is replaced by the RPA
gauge propagator? Instead of Fig. 4, a response function
beyond the RPA is represented as Fig. 1 and defined by
Knraa′(q, ω) =
∫
d2q′
(2π)2
dω′
2πi
fabcfa′b′c′
× Drbb′(~q + ~q
′, ω + ω′)Drcc′(~q
′, ω′). (3.12)
Before going to the details, we recall some use-
ful properties: The gauge propagator Dr12 = −D
r
21
and the coupling constants f112(q
′, θ)f122(q
′, θ) =
−f112(q
′,−θ)f122(q
′,−θ). Those properties immediately
lead to Knr12 = K
nr
21 = 0. So, we are only interested in
Knraa for a = 1, 2, e.g.,
Knr22 =
∫
d2q′
(2π)2
dω′
2πi
(3.13)
[−(f211(~q
′ + ~q))2Dr11(~q + ~q
′, ω + ω′)Dr11(~q
′, ω′)
−(f212(~q
′ + ~q))2Dr11(~q + ~q
′, ω + ω′)Dr22(~q
′, ω′)
−(f221(~q
′ + ~q))2Dr22(~q + ~q
′, ω + ω′)Dr11(~q
′, ω′)],
where we have dropped many vanishing terms (e.g., the
terms with respect to Dr12 due to the property D
r
12 =
−Dr21, etc). Substituting the non-RPA interaction vertex
and the RPA gauge propagator into the above equation,
and after a variable shift, the leading term in the case
q << kF can be derived as
Knr22 ≈
2π
m∗
1
(8πmb)2
∫
d2q′
(2π)2
dω′
2πi
(3.14)
q′2
2
q′
3
[
1
(ω′ + ω + iδ)2
+
1
(ω′ − ω − iδ)2
]
×
1
iγω′ − χq′2
−O(
ω2
k2F
),
where the factor q
′2
2 comes from f
2
221 = f
2
212 and q
′3 from
the propogators; the q-dependent contributions are of the
higher order. After the integration, one can attract a
pure imaginary constant contribution to Knr22 ,
Knr22 ≈ −
ikFQ
3ε2
12πm2bm
∗e4
(1−O(
ω2
k2F
)), (3.15)
where Q is the cut-off in integrating over q′ and is taken
to be Q = kF according to the gauge choice. O(
ω2
k2
F
) is
positive so that it reduces a small value of Knr22 . Because
(3.15) is invariant if one replaces q′22 by q
′2
1 , a similar
calculation shows that
Knr11 = K
nr
22 , (3.16)
in their leading terms. Our calculation provides a correc-
tion to the imaginary part of the response function. In
some sense, we may use
Km = K0 +Knr, (3.17)
to replace K0.
IV. THE CONDUCTIVITY TENSOR
The conductivity tensor is one of the most important
observables in the experiment of the transport property
of the system. For the FCS system, the conductivity
tensor has been defined by Halperin, Lee and Read in
their seminal paper [2]. We here take their definition
with a minor modification. Basically, HLR’s definition of
the conductivity tensor is valid for ω ∼ vsq with vs being
the SAW propagation velocity and the tensor reads
1
σxx(~q, ω)
=
iq2
ω
[
1
Π00(q, ω)
−
1
Π00(q, 0)
]
,
σyy(~q, ω) = −
i
ω
[Π22(~q, ω)− Re(Π22(~q, 0))], (4.1)
σxy(~q, ω) = −σyx(~q, ω) =
i
q
Π02(~q, ω),
where a modification has been made in defining σyy with
the real part of Π22(~q, 0) being subtracted. Similarly, the
“quasiparticle conductivity tensor” is defined by
1
σ˜xx(~q, ω)
=
iq2
ω
[
1
K˜00(q, ω)
−
1
K˜00(q, 0)
]
,
σ˜yy(~q, ω) = −
i
ω
[K˜22(~q, ω)− Re(K˜22(~q, 0))], (4.2)
σxy(~q, ω) = −σyx(~q, ω) =
i
q
K˜02(~q, ω),
The matrix Π in (4.1) consists of the sum of all Feynman
diagrams for the full response function matrix K which
is irreducible with respect to the Coulomb interaction,
while K˜ in (4.2) contains only those diagrams which are
irreducible with respect to both the Chern-Simons inter-
action and the Coulomb interaction. In the regime where
the definition of the conductivity tensors are available, σ
and σ˜ are related to the corresponding resistivities ρ and
ρ˜ through the matrix equations
σ ≡ ρ−1,
ρ = ρ˜+ ρcs,
ρ˜ ≡ σ˜−1, (4.3)
ρcs =
4πh¯
e2
(
0 −1
1 0
)
,
5
respectively. Considering the case where σ˜xy = −σ˜yx =
0, we have
ρ˜xx(~q, ω) =
1
σ˜xx(~q, ω)
,
ρ˜yy(~q, ω) =
1
σ˜yy(~q, ω)
. (4.4)
Using the above definition of the conductivity tensor,
the formula for σxx(q) may then be rewritten as
σxx(q) = ρyy(q)/ρ
2
xy, (4.5)
where ρxy = 4πh¯/e
2, and
1
ρyy(q)
= e2 lim
ω=vsq→0
1
ω
ImK˜22(q, ω). (4.6)
It is impossible to get the exact form of K˜. The RPA
definition of the conductivity tensor consists of replacing
K˜ by the free CF response functionK0. We may improve
the RPA definition by replacing K˜ by Km. Thus, we
have,
1
ρyy(q)
= e2 lim
ω=vsq→0
1
ω
ImKm22(q, ω). (4.7)
V. SURFACE ACOUSTIC WAVE PROPAGATION
A. Anomaly of the Surface Acoustic Wave
Propagation
The experimental observation for the SAW propaga-
tion exhibits an anomaly in the relevant conductivity
which deviates from the normal macroscopic DC value
[16]. This phenomenon may be observed through the
measurement of the SAW velocity shift ∆vs and the at-
tenuation rate κ for the SAW amplitude,
∆vs
vs
=
α2
2
1
1 + [σxx(q)/σm]2
,
κ =
qα2
2
[σxx(q)/σm]
1 + [σxx(q)/σm]2
, (5.1)
where σm =
vsε
2π and α is a constant proportional to
the piezoelectric coupling of GaAs. The experiments of
the SAW’s propagation were performed in high qual-
ity GaAs/AlGaAs heterostructures with q ≪ kF and
ω = vsq ≪ vF q. The experiment result shows that the
longitudinal conductivity is linearly dependent on the
SAW’s wavevector [16], which is qualitatively in agree-
ment with the prediction of the FCS theory approach
[2]. However, to compare in details with the experimental
data, it is necessary to use a value of σm approximately
four times larger than the theoretical one. This discrep-
ancy remains not explained so far. Moreover, there is an
additional quantitative discrepancy between the theoret-
ical prediction and experimental data in the longitudinal
conductivity. In the RPA, HLR arrived at [2]
ρyy(q) =
2π
kF
q
h¯
e2
, for q ≫
2
l
, (5.2)
ρyy(q) =
4π
kF l
h¯
e2
, for q ≪
2
l
,
where l is the CF transport mean free path at ν = 12 .
As emphasized by the authors of ref. [2] there is no ad-
justable parameters in the RPA of (4.6 ) while the the-
oretical values of σxx are approximately a factor of 2
smaller than the experimental values obtained by Willett
et al. That is, the theoretical result (5.2) is ‘too small’ in
a factor of 2. We notice that the unadjustability comes
from the replacement of K˜ by K0 in the RPA. To make
it be adjustable, we suggest that K˜ in (4.6) should be
approximated by Km instead of K0. Hence, the inverse
of the transverse resistivity of the CF in the clear range
is given by
1
ρyy(q)
= e2 lim
ω=vsq→0
1
ω
ImKm22(q, ω)
≈
kF
4πq
(2− C)
e2
h¯
, for q >>
2
l
, (5.3)
where the physical dimension has been restored and the
constant C is defined by
C =
v∗F /vs
3(mb/mcoul)2
=
kF h¯/m
∗vs
3(mb/mcoul)2
(5.4)
with mcoul =
εkF h¯
2
e2 being a mass scale induced by the
Coulomb interaction. Different from the result given by
(5.2), therefore, (5.3) includes an adjustable parameter
C in the q-dependent conductivity σxx(q). When the ex-
perimental parameters are fixed, C is entirely determined
by the CF effective mass. To be fit in with these series
of experimental results, we should have C ≈ 1. Then, we
have to check with the CF effective mass to see whether
it is consistent with such a fit or not.
B. Phenomenological Fit of the Effective Mass
In this subsection, we use the experiment data in a set
of the SAW propagation experiments to fit the CF effec-
tive mass and compare the fit result to the established
values of m∗ both theoretically and experimentally.
For GaAs/AlGaAs heterostructures, we take the di-
electric constant ε = 12.6 and the electron band mass
mb ≈ 0.07me. We refer to several sets of experimental
data by Willett et al as follows.
(A) The two-dimensional electron gas density ne = 6.6×
1010cm−2, the frequency of SAW f = 2.4GHz and the
corresponding wavelength λ = 1.2µm [16];
(B) ne = 6×10
10cm−2, f = 1.5GHz and λ = 2.0µm [17];
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(C) ne = 7 × 10
10cm−2, f = 0.36GHz and λ = 7.8µm
[21];
(D) ne = 1.0×10
11cm−2, f = 1.2GHz and λ = 8µm [19];
(E) ne = 1.6× 10
11cm−2, f = 10.7GHz and λ = 0.27µm
[20].
First, let us compare m∗ with the theoretical effective
mass m∗th. We take the theoretical value of the CF effec-
tive mass to be the Hartree-Fock one [9,11], i.e.,
m∗th = 6mcoul, (5.5)
which is in good agreement with the result of the numer-
ical simulation [29]. If one takes C ≈ 1 in (5.4), one gets
the effective mass corresponding to the experiment data,
m∗(A) ≈ 2.50m
∗
th, m
∗
(B) ≈ 2.17m
∗
th, m
∗
(C) ≈ 2.67m
∗
th,
m∗(D) ≈ 3.00m
∗
th, m
∗
(E) ≈ 6.00m
∗
th, (5.6)
where m∗(A) corresponds to the experimental data in (A)
etc.
The experimental data of the effective mass from Wil-
lett et al are not available. To have an instructive un-
derstanding, we compare the phenomenological effective
mass with the effective mass measured in other experi-
ments. In the activation energy gap measurement, Du
et al [22] gave m∗exp = 0.57me and Manoharran et al
gave m∗exp = 1.4me [26]. (Here me is the bare mass
of the electron.) The Shubnikov-de Haas effective pro-
vides m∗exp = 0.7me [23] and even a much larger value
(divergence) [25] by Du et al while Leadley et al gave
m∗exp = 0.51me [24]. Our phenomenological results are
m∗(A) = 0.91me, m
∗
(B) = 0.74me, m
∗
(C) = 0.99me,
m∗(D) = 1.34me, m
∗
(E) = 3.38me, (5.7)
Examining (5.6), the phenomenological fit of the effective
mass seems to be ‘heavier’ in several times than theoret-
ical one. There may be several possible explanations to
this result:
(1). It is possible that there are still some important
diagrams that are not taken into account to approximate
K and are expected to further improve our calculation.
(2). The higher order terms are neglected in the calcu-
lation of K0 and Knr, which may give a further adjust-
ment for the effective mass. For example, O(ω2/k2F ) in
(3.15) decreases Knr such that m∗ decreases in order to
keep C = 1.
(3). The larger effective mass at ν = 1/2 coincides
with the increase (even divergence) of the effective mass
at this filling fraction.
(4). The theoretical value of the effective mass should
be, in fact, larger than Hartree-Fock one because the
gauge fluctuations always enlarge the effective mass. The
experimental measurement of the effective mass supports
this point because allm∗exp we quoted are larger thanm
∗
th
in a ratio m∗exp/m
∗
th ≥ 1.58.
On the other hand, the comparison between the phe-
nomenological effective mass showed in (5.7) and the ex-
perimental values is fairly well although m∗ is little bit
larger than m∗exp. However, m
∗
(E) seems to be extraordi-
narily large. The reason for this remains unknown.
VI. CONCLUSIONS
In conclusions, we have shown a possibility to resolve
the discrepancy between theory and experiment in the
longitudinal conductivity dependent on the wavevector
of the SAW propagating above the 2DEG. The key point
is to take a non-RPA correction to the response func-
tion from the self-interaction among the gauge fluctua-
tions into account. This correction increases the theo-
retical value of the longitudinal conductivity and gives
an adjustable parameter which relates the CF effective
mass to the conductivity. Thus, the phenomenological
effective mass of CF is estimated by using the data in
the SAW propagation experiments and one found that
it is fairly consistent with the effective mass measured
in the experiments relating to the activation energy and
the Shubnikov-de Haas oscillations. Although the phe-
nomenological value of the CF effective mass is sev-
eral times larger than the theoretical one obtained by
a Hartree-Fock approximation, we explained the possible
sources to cause this.
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FIGURE CAPTIONS
Fig. 1: One-loop diagram of fluctuations from the self
interaction of the gauge field, where the gauge propagator
is taken to be the RPA one.
Fig. 2: (a) The free CF propagator; (b) The bare
gauge propagator; (c) The CF-gauge fluctuation interac-
tion vertex; (d) The self-interaction vertex of the gauge
fluctuations.
Fig. 3: The non-interaction CF response function.
Fig. 4: The bare non-RPA response function.
Fig. 5: The RPA response function.
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